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II- STEEL,XRON,IRONOXIDE,ANDEGLSSCOMBINATIONS

By JohnM. BaileyandDouglasGodfrey

SUMMARY

Experimentswereconductedto studythestartoffrettingandthe
causeofdamageduringtheearlystages{upto 400 cycles) offretting
of steel-steelconibinationsat a frequencyof5 cyclesperminute,an

~ snplitudeof0.006inch,a loadof150grams,inairwithrelative
humidityoflessthan10 percent.fireiron,glass,andironoxide

2 powdercompactswereusedinsupplementaryexperiments.Theresults
ofmicroscopicobservationofthecontactareaandmeasurementsof
coefficientoffrictionleadtotheseconclusions:.

1.Frettingstartswithsevereadhesionbetweensurfaces.The
adhesionvarieswiththematerialcombination,as shownby theinitial*
coefficientoffriction,butisofprimaryimportancebecauseitpre-
cedesandinitiatestheotherphenomenaobserved.

2.Intheearlystagesoffretting,severalotherwearphenomena
inadditionto adhesionoccur.Theirrelativeimportancevarieswith
thematerialsfretted,andtheycanoccursimultaneouslyat different
pointstithina contactarea.Theysre:

(a)Plotingby protrudingtransferredmaterial.:Theplowing
ismorepronouncedwhenadhesionisgreater.

[b]Formationofdebris(loosefragments):Oxidedebrisis
notevidentwhenlargewearfragmentsareproduced,whereasoxide
debris{Fe203)isevidentina veryfewcyclesifthewearfrag-
mentsaresmall. ●

(c)FormationoffUms by compactingsmallpsrticlesinto
clearancesinthecontactarea:Theformationoccursreadilyif
oneofthesurfacesishard. Thesefibs canplowtheopposing
metalsurface.
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INTRODUCTION‘
.

Oneofthemoreseriousproblemsofwearexistinginmachines
andmetalstructuresisthatoffretting.Frettingisthesurface
damagethatoccurswhencontactingsolidsexperienceslightrecipro-

—

eatingslip.Thewear,pitting,anddebriscausedby fretting,par-
ticularlyinaircraft,canleadtolossoftolerance,increased
fatiguesusceptibility,andseizure.Thelaterstagesoffretting
havebeenstudiedwidely,buta lackof experimentalevidenceonthe am
natureofthestartandearlystagesoffrettingremains.Thislack ~
of informationhasbeena deterrenttotheunderstandingoffretting,
andhasprobablydelayedfindinga meansofpreventionormitigation.

An investigationhasbeenmade’ofthestartandearlystagesof
frettingof copper(ref.1). Onlya fewincidentalobservations
(refs.2 to5)havebeenmde onthestartoffrettingofsteelin
spiteofitsgreatpracticalimportance.Intheseinvestigationsof
steelthestartoffrettingwasassociatedwithsuchphenomenaas in-
creaseincohesion,smearing,adhesion,andinterlocking.

TheresearchreportedhereinwasconductedattheNACALewislab-
oratorytoprovidemoreexperimentalinformationaboutthestartof
frettingandthecauseofdamageduringtheearlystagesoffretting

.

of steelagainststeel.Experimentswerealsoconductedusingpure
iron,glass,andcompactsof ironoxideto supplementthedataob-
tainedinthesteelagainststeelexperiments.Frettingwasproduced

w

by reciprocatingflatspecimensincontactwithconvexspecimensat a
constantload,frequency,amplitude,andhumidity.Clean,unlubri-
catedspecimenswereused.A continuousrecordoffrictionforce
wasmade,andinspecimencombinationsusingglassflats,thefretting
wasobservedas itoccurred.Debriswasanalyzedby chemicalspot
testsandsurfaceswereexaminedby electrondiffraction.

APPARATUS

Theapparatus(fig.1),designedtoproducefrettingatlowfre-
quency,isdescribedindetailinreference1. A flatspecimenslides
backandforthincontactwitha convexspecimenundera loadofapprox-
imately150gramswithanam@itudeof0.006inchanda frequencyof5
cyclesperminute.Therelativehumidityoftheairsurroundingthe
specimensduringfrettingwasheldtolessthan10percent.Thehu-
miditywasmeasuredby a hygrometercalibratedagainsta dewpoint
potentiometer.Frictionforcewasmeasuredbymeansofa straingage
attachedtoa dynamometerringandrecordedby a photoelectricpoten-
tiometer.Normalloadwasmeasuredforeachrunby determiningthe r,
upwardforcerequiredtoseparatethespectiens.Theaccuracyof
measurementof coefficientoffriction(ratiooffrictionforceto
measuredload)wasestimatedtobe+5 percent. II
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Materials.- Threedifferentsteelswerechosenasrepresenting
commonengineeringmaterials:

(1)Theconvexspecimensforallsteelfrettingrunswerel/2-inch-
dismetercommercialsteelballscontainingapproxinmtely1 percent
carbonandhavinga casehardnessofRockwellC-62.

(2]Someflatspecimensweremadeofa drill-rodstockcontaining
approximately1 percentcarbonandwereeitherhardenedtoRockwell
C-60orannealedtolessthanRockwellB-80.

(3)Otherflatspecimensweremadeofanunhardenedtoolsteel
containingapproximately1 percentcarbonand1.45to1.55percent
mQ3a~se ad ~ving a hmdness ofRockwellB-90.

ThepureironspecimensweremadefromPuronstock(99.97percent
Fe)hardenedtoRockwellB-82by coldworking;thismaterialwascho-
senforsimplicity,homogeneity,andestablishedfrictioncharacteristics.

Theglassspecimensweremicroscopeslides.Chemicallypure
powdersofferricoxideFe203andferrosoferricoxideFe304wereob-
tainedcommercially.

Specimenpreparation.- Allspecimensexceptglasswereabraded
on 2 0 emerypapertogivea uniformsurfacefinishof10-20micro-
inchesrootmeansquare.Consistentandthoroughcleaningof speci-
menstoremovethelasttraceofgreasewasimportantforreproduci-
bility.Freedomfromgreasewasindicatedby highinitialvaluesof
coefficientoffrictionV. Detailsofthecleaningproceduresfor
metalandglassaregiveninappendixA.

Theoxidespecimensweremachinedfromcompactsmadeby pressing
andsinteringpureFe203andFe304powdersundercontrolledconditions
(appendixB).

Experimentalprocedure.- Thecleanedspecimensweremountedin
thespecimenholdersoftheapparatusandthefoadappliedby adding
Weights. Thecoverof theLuciteboxwasputinplaceanddryair
wasstartedflowingthroughtheenclosure.Whentherelativehumidity
oftheescapingairhaddroppedto10percent,thereciprocating
actionw started.Inthecaseofglassflatspecimens,microscopic
observations(X75toX200)ofthefrettingactionas itoccuredwere
correlatedwiththefrictiontracing.Formetal-metalcombinations,
thesurfaceswereseparatedandexaminedmicroscopicallyafterruns
lasting1/2,1, 5,10,20,50,100,2~, 300or 400cycles.I?ew
specimenswereusedforeachrun.
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Smallquantitiesofdebriswereidentifiedby chemicalspottests
(appendixC). Electrondiffractionwasusedtodeterminethechemical.
compositionof surfacesbeforetheruns,andalsoto identifydebris
whenpossible.

RESULTS

Coefficientoffrictionwasplottedagainstcyclesforeachrun
andallthedataobtainedarepresentedinfigures2,4,5,and7.
Thefrictioncurvepresentedisa smoothedcurvedrawnthroughthe
averageofalltheruns. Correlationofnuniberofcycles,observation
of contactarea,andcoefficientoffrictionforvariousspecimen
conibinationsispresentedintablesI toIV.

Thecontactareaoverwhichwearwasobservedwasquitesmall,
varyingfrom0.002to 0.02inchinlengthandwidth.Thephenomena
observedduringfrettingoccurinthesequenceshowninthetables,
butthephenomenacanbe indifferentstagesat variouspartsofthe
contactareaatthesametime.Allchemicalcompositionsgivenparen-
theticallyineitherthetablesorthetextwereidentifiedbycheti-
calspottestsconductedasdescribedinappendixC.

FrettingofSteel

Steelagainst@.ass.- Eardl-percent-carbonsteelconvexspeci-
menswerefrettedagainstglassflatssothatthephenomenawhich
causethefrettingofsteelcouldbe observedas theyoccurred.Exam-
inationoftableI andfigure2 showsthatthefirstslidingmotion
producesmaterialtransferanda highcoeff~cientoffriction(>1.2).
Theformationofandincreaseinamountoffilm(Fe203)on theglass
anda smallamountofplowingofthesteelby thickenedportionsof
thefilmeffecteda reductioninthevalueof p toa minimumof 0.60
at 20cycles.Thedetachmentofthefilmfromtheglassandtheap-
pearanceandaccumulationofrust-coloreddebris(Fe203)inandaround
thecontactareaareassociatedwitha riseinthevalueof p by
200cyclestoa stablestateinwhichthevalueof v isapproximately
0.75.

..-

Steelagainststeel.- Theresultsoffrettinghardl-percent-
carbonsteelconvexspecimensagainsthardandsoft(annealed)l-percent-
carbonsteelflatsandsofttoolsteelflatsmaybe seenintableII
andfigure3. (Theindividualdatapointsinfigure3 havebeenOmit- _
tedforclarity.)Inallsteelagainststeelruns,frettingstarted
witha valueof v of0.60to 0.70.Thepresenceofa filmafterthe

A

firstfewcyclesoffrettingwasalsoobserved.Theincreaseinthe
.
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quantityoffilmanda smallamountofplowingwereassociatedtitha
reductioninfrictionfromthehighervaluesto 0.53to 0.61in5 to
20 cycles.Thefilmformationandplowingwerefollowedby theap-
pearanceoflooseparticles,someofwhichweretrappedinthecontact
area. Thevalueof v increasedslowlyto 0.58to 0.65by 300cycles.

Softerspecimensalwayssufferedmorepronouncedplowing.In
addition,looserust-coloreddebris(Fe2~)appesredwithin10 cycles
inthecaseofhardsteel-hardsteelconibinations,butnotuntilafter
100cyclesinthecaseofhardsteel- softtoolsteelcombinations.
However,therateofwear as estimatedfromthechangeinthearea
ofthewearspotwasfoundtobe thessmeforallthreesteelspecimen
combinations.

Comparisonofthecurvesinfigure3 showsthatoverthefirst
300cyclesthestablevaluesof V,eventhoughwithinexperimental
error,areslightlylowerwithgreaterhardnessof theflatspecimen.
Whentheflatisannealed(<RockwellB-80),thestableK isabout
0.65;forthetoolsteelflat(RockwellB-90),thestablev is
0.61to0.64;andforthehardened{RockwellC-60)steelflats,v is
0.56to0.58.

FrettingofPureIron

Pureironagainstglass.- Pureironconvexspecimenswerefret-
tedagainstglassflatstoallowobservationofthephenomenaasthey
occurredandtopermitcomparisonwithhardsteel-gl&sfretting.&
shownintableIIIandfigure4,thefirsthalfcycleofmotioncaused
transferof iron(Fe}totheglass,anda coefficientoffrictionof
>0.75. ThetransferredmetalplowedfurrowsinthesurfacefroIu
whichitcame,andthecoefficientoffrictionwasreducedtoa mini-
mumvalueof0.66by 10 cycles.Theplowingactionwasfo~owedby a
lmseningofthefragmentsadheringtotheglassandtheaccumulation
ofblackmetallicdebrisandfih formationonthemetal. (Thead-
hesionof ironfragmentstotheglassinthefrettingofpureiron
againstglasswasnotsogreatas theadhesionoftheoxidefilm
transferredinthefrettingofsteel.againstglass.Detachmentofthe
ironfragmentsoccurredwithin10 to 20cycles,Whereastheoxidefilm
dldnotbreakup for50to 60cycles.)Coefficientoffrictionin-
creasedtoa stablevalueof0.83by 240cycles,andsmallamountsof
rust-coloreddebris(Fe203)appearedintheblackdebrisafter300
cycles.

Wre ironagainstpureiron.- Pureironwasfrettedagainstpure
ironinorderto observethewearresultingona homogeneousmaterial
basicto steel,andtheresultsarepresentedintableIV andfigure5.
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Thefirstphenomenonto occurwasmutualplowing,anditproduceda
coefficientoffrictionwhichvariedfrom0.52to1.02,dependingon
theultimatedegreeof cleanlinessofthesurfaces,butwhichaveraged
0.82.Thevalue of v ineachrunthenincreasedtoanaveragepeak
valueof 0.94. Subsequently,thereciprocatingactionproducedloose
ironfragments,atfirstlargeandthensmall,anda decreaseinthe
valueof v toa minimumof0.6at 25cycles.Someofthesmall
fragmentsappeartobe trappedinthecontactareaandcompactedinto
films,whereasotherfragmentsaccumulateoutsidethecontactareaas
looseblackmetallicdebris.After100cycles,brownfilmappearsin
thecontactarea,andthevalueof v increasesslightlytoa stable
0.64.After300cycles,tracesofrust-coloreddebris(Fe203]appear
intheblackmetallicdebris.

A photomicrographofa 15:1tapersectionofthedamagedareaon
pureironafterfrettingagainstpureironfor400cyclesisshownin
figure6. Thepresenceofblackdebrisonthesurfaceandseverede-
formationofthemetalbelowthesurfaceareevident.Thedebrisis
notimbeddedinthedeformedmetal.aswasthecaseforcopper(ref.1,
fig.4).

FrettingofIronOxidePowderCompactsAgainst

IronOxidePowderCompacts

Fe203compactsagainstFe203compacts.- CompactsofFe203were
frettedagainstFe2~ compactsto observefrettingandfrictionalbe-
haviorintheabsenceofmetal-to-metalcontact.Figure7 showsthat
thevalueof u startedat 0.60andreducedto 0.51.Theactionpro-
ducedanabradedflatspot,portionsofwhichshowedburnishedfilms
ofoxideahdaroundwhichwasrust-coloreddebristhatappearedtobe
thesameasthatfoundinthefrettingof steel.

Fe304compactsagainstFe304compacts.- Inorderto studytheoxi-
dationoccurringduringfrettingaswellasfrettingandfrictional
behaviorintheabsenceofmetal-to-metalcontact,Fe304compactswere
frettedagainstFe304compacts.Figure7 showsthatthevalueof w
startedat 0.30,peakedat 0.36by 5 cycles,decreasedtoa minimum
of0.29,andthenslowlyincreasedto 0.45at 320cyclesandto 0.50
at 600cycles.Theactionproduceda flatspotwhichshowedoxide
filmsplusthesamerust-coloreddebrisobservedfromsteelandfrom
Fe203compactfretting.

.

●

�
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In short,theFe304compactsfrettedtoproduceFe203debris.In
.

a fewruns(notpresented),theFe304compactsdidnotfretbutmain-
taineda relativelylowconstantv valuenear0.15. No debriswas
found;infactthewearareawashardlydiscerniblemicroscopically.

TheinitialfrictionvalueforF~04 compactswhichfrettedand
theconstantfrictionvalueforFe304compactswhichdidnotfret-sug-
gestthatthecoefficientoffrictionforFe304isbetween0.15and0.3
at theseslowslidingspeeds.

Theresultsobtainedwithbothoxidecompactsshowformationof
thefinalironoxide,Fe2~, duringfretting.Theresultsfurther
showthestablevalueof w obtainedduringthefrettingof oxide
compacts(0.5to0.53)tobe lowerthanthoseobtainedforsteel
againststeel(0.58to 0.65).Thisdifferenceispossiblya resultof

.

.

.

.

thepersistenceofmetalcontactduringthe
whenoxidehasaccumulatedonthesurface.

DISCUSSION

PhenomenaObservedDuring

frettingofsieelinstages

l?retthg

A comparisonofresultsobtainedwiththevariousspecimencombin-
ationsofthisinvestigationandwithcopperinreference1 indicates
thatlowsmplitudereciprocatingsliding~roducesnotjustonebutsev-
erslphenomena:adhesion,plowing,formationof debris,andformation
offilms.Thesephenomena,SU ofwhichcontributetofrettingdamage
initsearlystages,wi~ be discussedseparately.

Adhesion.- Theoccurrenceandextentof adhesionor coldwelding
wasindicatedby transferofmaterialduringthefirstfewcyclesof
frettingofpracticallyallmaterialcombimtions.C!oppersufferedthe
greatestadhesionandtransferredinlargeamountsto glass,copper,
andsteel,whereasirontransferredinslightlysmalleramountsto
glassandtopureiron.Thestartoffrettingof steelshowedcon-
siderablylessadhesion.Inthecaseofhardsteelagainstglass,
onlya filmof oxidewasfoundontheglass.Probablysmallmetal
fragmentstransferredinitiallybutquicklyoxidized.Forsteel
againststeela filmwasobservedbutcouldnotbe identified.

Theextentofadhesionwasalsoindicatedby theinitialvalueof
v obtained,thevaluesrangingfrom0.6forhardsteelagainsthard
steeltogreaterthan1.2forcopperagainstglass.
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Adhesionis consideredtobe themostimportantphenomenonobserved
intheseunlubricatedfrettingrunsbecauseitprecedesandinitiates
theotherphenomena.Itseliminationorminimizationshouldpreventor
reducefrettingdamage.

Plowing.- Thesecondphenomenonobservedwa~plowingofa surface
by materialadheringto theopposingsurface.Damageby plowingwas
greatestinthecaseof copper,a materialInherentlysusceptibleto
galling. Protrudingweldedfragmentsplowedlargedeepfurrowsatthe
startoffretting.Inthecaseof iron,plowingoccurredfirstby
weldedfragmentsandlaterby thickfilms,butwaslessthanforcopper.
Inthecaseofsteel,damageduetoplowingwaslessevident(probably
becausethefurrowsweresmaller,likescratches,andweremorenumer-
OUS),andplowingoccurredOUI-yafterfiw (adherentoxide}hadformed.
PIowingofa steelsurfaceby fimwas greateriftheopposingsurface
wasglassorhardsteel.

Thereductioninvaluesof v duringfrettingwasusuallygreat-
est(forexample,1.65to 0.6forcopperagainstglass)whenmaterial
transferandplowingwerein.itidlypronounced.

Formationofdebris.- Thenatureandquantityofdebris(loose
fragments)variedtiththe-materialsstudied.Copperandironpro-
duceda fewlargemetallicfragmentsinitially,smellermetallicfrag-
mentslater,andthena smallquantityof oxidepowder.Steelpro-
duceda largerquantityofdebriscomposedofoxidepowder,withpos-
siblya fewsmallmetallicparticles.No largeparticles,eitherme-
tallicoroxide,werefoundwithsteel.Theseresultssuggestthat
onlysmallwearparticlescanoxidizecompletely,andthatfrettingof
steelproducedverysmallmetalparticleswhichoxidizedcompletely.

Althoughironhasa greateraffinityforoxygenthanco~per,fret-
tingproducedoxidepowderon copperwithin100cycles,buton ironnot
untilafter300cyclesandonlyintraces.

Inmostcaseswhereidentificationwaspossible,theoxideformed
wasfoundtobe thefinaloxidationstateofthematerial,thatis,
Fe2~ foriron,steel,andironoxidecompacts,and CUOforcopper
andCUOcompacts.TheonlyexceptionswereCU20compacts,whichfretted
togiveCU20powderdebris.

Formationoffilms.- Theformationoffilmsby compactingof
smallfragmentsintolocalclearancesintheapparentcontactareawas
observed,andundertheconditionsof theseexperimentsprecededtheap-
pearanceoflooseoxidepowder.Thefilmswereshadesofbrownfor
ironandsteelandweremuchthickerthanfibs formedby heatingmetals
inair. Theyformedon ironafter50 cyclesoffrett’ingandonhard

.

.
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steelinthefirsthalf-cycle,particularlywhenthesteelwasfretted
. againstglassorhardsteel.Compactsof ironoxidepowderalsoformed

filmsduringfretting.No filmwasvisiblewhencopperfrettedagainst
copper,buta greenishfib formedon glasswhenitfrettedagainst
copper.Thusfilmsformreadilyduringfretting,andtheformation
isenhancedwhentheopposingsurfaceisa hardmaterial.Filmsprob-
ablyforminothertypesofwearinthesamemanner,butinfretting
theformationisaidedby thelow-amplitudereciprocatingmotion.

CN
E
o-l

.

.

.

Theabilityof oxideparticlestoforma filmisunusualinview
oftheircomnonlyacceptedhardnessorlackofplasticity.However,
supplementaryexperimentshaveshownthatfinedryFe203powdercollec-
tedfromfrettingof steelagainstglasscanbe-pressedtoforma film,
andfurtherverificationwasfoundinreference6 whereStottobserved
theflatteningofoxidenodulesduringexperimentswithjewelbearings.

ProposedMechanismofFrettingof SteelAgainstSteel

Thefollowingdescriptionofthefrettingofsteelagainststeel
isproposedfromtheresultsthathavebeenpresentedhereinandfrom
observatio~by otherinvestigators(refs.7 to 9).

Contictofloadedsurfacescauses elastic and plasticdeformation
of contactingasperities(ref.7,p. 19). Thisdeformationcausesin-
terlocking(ref.8)andrupture{ref.7, ch.1),orboth,of thethin
(<lCOA, ref.7,p. 149)oxidefilmnormallyfoundona steelsurface.
Theruptureof thefilmpermitsmetal-to-metalcontactandthusad-
hesion,or cold-weldedjunctions,andrelativelyhighcoefficientsof
friction.Withsliding,weldedorinterlockedjunctionsarebrokenat
someweaksection,metaltransfermayoccur(ref.7,plateIX offig.1),
andsomeloosemetalandoxidefragmentsare formed.Thefragments
quicklyoxidizebecauseoftheirsmallsize,increasedtemperature
(ref.7, ch.II),andhighstateof stress(ref.9). A discontinuous
filmisformedby compactingoftheoxidefragmentsandthefti in-
creasesincoverageandthicknesstithcontinuedreciprocatingsliding.
Thisincreasingcov~agereducesthecoefficientoffriction.

As thefikusthicken,theybegintoplowfurrowsintheopposite
metalsurface.Thiswasdeduced’fromtheshapeandpositionofa spot
offilmin comparisonwitha furrowb theoppositesurface,andwas
observeddirectlywhenglassflatswereused. Thedeepeningofthe
furrowshiftstheloadtoanotherpartofthecontactarea,andanother
furrowisformed.

Therelieffromloadthatthefirstcontactexperiencesas a re-
sult ofthepresenceofthefurrowpermitsthefilmto disintegrateor
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sloughoffanditappearsas rust-coloreddebrisjustbeyondtheend
ofthefurrows.Thereciprocationof’theslidingduringfretting
causesdebristo collectonthefloorsandsidesofthefurrows.The
amountthatcancollect,however,reachesa maximumandcleanareas
remainwhichpermitmetal-to-oxidecontactandpossiblymetal-to-metal
contact.Inlaterstagesoffretting,notinvestigatedinthere-
searchreportedherein,a “crust”of oxidecouldformandwearwould
probablythenbe oftheabrasivetypedescribedinreference5.

SUMMARYOFRESULTS

UI
m
R

The results ofmicrciscopicobservationofthelow-frequencyfret-
tingofironandsteelandthemeasurementsof coefficientoffriction
aresummarizedasfollows:

Thefrettingofsteelagainststeelstartedwithcoefficientsof
frictionbetween0.60and0.70.Thiswasfollowedby formationof
fihns,someplowing,production.oflooseFe2~ debris)ad a reduction
inthecoefficientoffrictiontobetween0.53and0.61.An essentially
stablecoefficientoffrictionwasreachedafterapproximately20
cycles,givingvalueswhichroseslowlytobetween0.58and0.65at
300cycles.

Thesupplementaryexperimentsconductedwithglass,iron,andiron
oxideproducedthefollowingresults:

1.Glassflatsshowedthatfilmswereformedby compactingof
fragmentsandthatthesefilmscotidplowan opposingmetal.surface.
Coefficientoffrictionvaluesobtainedwhenglasswasoneofthespec-
imensweregenerallyhigherthanthoseobtainedwithmetal-against-metal
combinations.

2. Frettingofpureironagainstpureironproducedmasswelding
andsubsequentlymetallicfragmentsandsevereplowing.Thecoefficient
offrictionwasinitially0.82,reducedto0.60in 25cycles,andafter
100cyclesreachedan essentiallystablevalueof 0.64asmetallic
debrisaccumulated.

3. Ironoxidecompacts,bothFe203andFe304,frettedtoformFe2~
debristhesameas thatfoundinfrettingofsteel.Thecoefficientof
frictionforFez% compactsagainstFe2~ compactswasinitially0.60

,.-

andwithin100cyclesreducedtoanessentiallystablevaluenear0.51.
Thecoefficientoffrictionofl?e304compactsfrettingagainstFe304 *-
compactsbeganat 0.30,thenslowlyincreasedtoabout0.50after600
cycles.

.
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CONCLUSIONS

1. Fretting startswithsevereadhesion.Theadhesionvaries
withthematerialcotiination,butisofprimaryimportancebecauseit
precedesandinitiatestheotherphenomenaobserved.

2.Intheearlystagesoffretting,severalotherwesxphenomena
occur. Theirrelative~rtance varieswiththematerialsfretted,
andtheycanoccursimultaneouslyat differentpointswithina contactg Uea. Theyare:

m

(a)Plowingbyprotrudingtransferredmaterial.!l?heplowing
ismorepronouncedwhenadhesionisgreater.

.

.

(b)Formationofdebris(loosefragments).Oxidedebrisis
notevidentwhenlargewearfragmentsareproduced,whereasoxide
debrisisevidentina veryfewcyclesifthewearfragmentsare
small.

(c)Formationoffilmsby cmnpactingsmalJ.particlesinto
clearancesinthecontactarea. Theformationoccursreadilyif
oneofthesurfacesishard.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,February8,1954

●
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APPENDIXA

CLWUUNGOF SPECIMENS

Generalprecautions.- Certainprecautionswerenecessarytoob-
tainandmaintaingrease-freespecimens.Allsolventsused(water,
benzene,and100percentethylalcohol)wereredistilled.Allvessels
usedwereofpyrexandwerecleanedinsulfuricacid-sodiumbichromate
cleaningsolution,rinsedwithtapwaterandredistiU.edwater,and
driedinan oven.AU specimenandvesselhandlingtoolswerecleaned
by heatingtoredness.

Cleaningofmetalspecimens.- Theironandsteelspecimenswere
cleanedanodical.lyby thefollowingprocedure:

{1)

(2)

(3)

(4)

(5)

(6)

(7)

Washedinuncontaminatednaptha

Rinsedatleast10 timeswith

Rinsedatleast10 timeswith
extractor

Driedwithairblower

benzeneina Soxbletextractor

ethylalcoholina Soxhlet

Cleanedanodicallyina solutioncomposedof2 percentNaOH
and10 percentNa2C03ata temperaturebetween80°and90°C
witha currentdensityofabout0.3amperepersquareinch.
Cleaningtimewasabout1 minute.

Quicklyrinsedinwater

Rinsedwithalcohal.anddriedwithairblower

Thisproceduregavespecimensthatweregrease-freeas shownby
highinitialcoefficientsoffrictionandboreonlya traceofoxideas
shownby electrondiffractionexamination.

Cleaningofglassspecimens.- Theglassmicroscopeslideswere
scrubbedundernitricacidwithglasswool,rinsedwithtapandredis-
tilledwater, S@ driedinoven.

.

*

.
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APPENDIXB
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COMPACTINGOFlRONOXDE POWDERS

CompactsofFe203andofF~04 weremadebyPressiuandsinteri%
therespectivepowders.TheFe2~ powderwaspressedina hydrostatic
dieat 30,000poundspersquareinchandsinteredina heliumatmos-
phereat1500°F for7 hours.TheFe304waspressedina hydrostatic
dieat 30,000poundspersquareinchandsintemdinvacuumat 2400°F
for2 hours.X-ray diffractionpatternstakenofthesecompactsshowed
thatthechemicalcompositionwasunchanged.TheFe2~ compactwas
purplecolored,relativelycoarse-tetiured,andsoftwhencomparedwith
theblackFe304compactwhichwasdenseandveryhard.
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APPENDIXc

CHEMICALSPOTTESTS

ThechemicalspottestswereconductedUndera blanketof C02,
wereilluminatedwitha coollight,andweresometimesobservedwitha
low-powerstereomicroscope.Theidentificationswerebasedonthefol-
lowingfacts:(1)Ina solutionof slightlyacidiccoppersulfate, %
copperwillbe platedonmetallicironbutnotonironoxides,(2)iron l-l
Fe andferrousoxideFeOdissolvedinconcentratedHC1giveonlyferrous

m

ionsFe+, (3)ferricoxide(Fe~O~)dissolvedinHClgivesonlyferric
ionsFe-, (4)whereasferrosoferricoxide.Fe304orFeO“Fe2~whendis-
solvedinacidgivesbothferrousandferricions.

Thetestprocedurerequiredthreesam~lesoftheunknownandwas
asfollows:

SsmpleA.

1.Addfewdropsofapproximately0.1N coppersulphatesolution
totheunknown.Theappearanceof copperindicatespresenceofiron.

SampleB.

1.Dissolvetheunknownwitha dropof concentratedhydrochl.orlc
acid,andadddropofa,a-dipyridelsolution.Appearanceofredcolor
indicatespresenceofferrousions.Thiscolorismorepronouncedif
acidityisreducedwithsodiumacetate.

SampleC.

1.Dissolvetheunknownwitha drop,ofconcentratedhydrocliloric
acid,dilutewithtwoorthreedropsofwater,andaddonedropof
potassiumthiocyanate.Theappearanceofbloodredcolorindicates
presenceofferricions.

.

.
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TABLE1. - FRETTINGOFEARD,l-PERCENT-CARBONSTEELAGAINSTGLASS

Number Phenanenaobserved Coefficient
of of

cycles friction,
P

1/2 Firstmotionprcducesseveralpaxallelrowsof >1.2
smallbrownspotstransferredtoglassand
alsocrackingofglass.

1 Sizeandnumberof spotsandnumberofrows >1.0
to increasetoforma continuousbrownfilm to
10 on glass(Fe203). 0.65

10 Thickenedportionsoffilm,formedby ccs.upacting0.65
to offragmentsagainstglass,plowsteeltoform to
20 shallowfurrows. 0.6

20 Rust-coloredloosedebrisappearsoutsideof 0.6
to contactarea.Partsoffilmceasetomove
60 withglass,apparentlyadheringtometal

surface.Smalllooseparticlesarevisible
inandaroundshallowfurrows.

60 Steelcontactareaisplowedby a fewspotsof 0.6
to thickfilmstilladheringtoglass.They to
200 disappearasareasofactualcontactmove O*75

fromonelocationtoanother.

200 Amountoffilmin contactareabecomeses- 0.75
to sentiallyconstantwhereasemountofrust- to
400 coloreddebrisoutsideofcontactareastead- 0.77

ilyincreases.Filmonglassplowspoorlyde-
finedfurrows.Particlestrappedin contact
areaare‘!worked”by reciprocatingaction.

.

.

.

.
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TASLEH. -FRETTINGOFSTEELAGAINSTSTEEL

17

.

.

hnnbez
of

:yclef

1/2

1

5

10

20
to
30

40
to
60

mo

2CXI

300

Appearanceofcontactareaafter
fretting

imallamountofbrownfilmison
convexepectienfrettedagainst
tml steel,butnochangeon
convexfrettedagainsthardor
softl-percent-carbonsteel.
Flatsme 11.ghtlyscratched.

?hlnpatchesoffllm(unidentifie~am
onccmtactareaofbothspecimens.
Fkts havelessfilmendare
scratched.

bre filmisonconvex,andshaJlow
furrowsareonflatcontactarea.

koserust-coloreddebrisisfound
aroundcontactareaofhard-herd
steelcombination.Displacedma-
terielisfoundatoneendoffur-
rowonsoftl-percent-carbonsteel
flat.AM.canblnationsshowmore
film.

‘ositkmoffti onconvexmatches
shallow,poorlydefinedfurrowon
herdsteelflat.Lmse &k freg-
mentsarefoundoncontactareas
ofsoftsteelflats.

hoserust-coloreddebris(Fe203)
appearsarcundcontactareson
softl-percent-carbonsteelflat.
TheLpercent-csmbonsteelco-
mbinationsalsohaveblackdebris
onendaroundfurrows,andpor-
tionsofdebrisak piledupend
ccmpactedincontactarea.

acmerust-coloreddebrisisfound
ontocl-steelflat.

[orepoorlydefinedfurrowsendac-
cumulationofrust-coloredand
blackdebrisaroundcontactarea
ofallspecimens.Chemicaltests
reveal.cmlyFe205indebris.soft
steelflatsareplowedmoreend
havea greateramountofloose
debrisIncontactarea.Very
thickfilmsorcrustcwer ccm-
tactareaofl-percent-carbon
steel- toolsteelconblnetion.

CoeffLcientoffriction,p
Esrdl-percent-carbonsteel

convexa=inst:

Herd1-
]ercent-cerbm
‘steelflat

>0.6

0.59

0.5s

0.56

0.53

0.54

0.55

0.56
to
0.5s

soft1-
)ercent-cerbon
steelflat

*o.-/

0.69

0.65

0.63

0.61

0.62
to
0.63

0.64

0.66
to
0.65

loft
;001
;eel
‘1.at

).63

).63

).6

).6

).6

).6

1.6

).61
to
).63

_ ———
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TABLEIII.- FRETTINGOFPUREIRONAGAINSTGLASS

Number Phenomenaobserved Coefficient
of of

cycles friction,
w

1/2 Largefragments(Fe)adheretoandaretrans- >0.75
ferredtoglass.

1 Fragmentsmovingwithglassplowfurrowsin 0.75
to metalsurfacefromwhichtheycame.Nuniber to
10 offragmentsandfurrowsincreaseswith 0.66

eachhalfcycle.

10 Fra@ente,whichdonotadhereverystrongly, 0.66
to arescrapedoffglassandtransferredback to
20 andforthbetweenmetalandglass. 0.67

20 Spotsofbrownfilm(Fe203)appearonglass. 0.67
to Filmisverytenaciouscomparedwithtrans- to
50 ferredironfragments.Looseblackdebris, 0.72

whichappearstobemetallic,slowly
appearsasfragmentsare“worked”outof
contactarea.

50 Filmappearsonmetalcontactarea. spots 0.72
to remainingonglasschangebothinposition to
300 andindegreeofactivity.Materialform- 0.83

ingspotsplowsfurrowsin metal.

300 Amountoffilmadheringtometalcontactarea 0.83
and becomesessentiallyconstant.Rust-colored

qceaterpotier(Fe203)appearsin scnuerunsin
blackmetallicdebrisoutsidecontactarea.

.

.
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Number
of

cycles

●

1/2

5

10

20

50

100,
200

300,
400

TABLEIV.- FRETTINGOFPUREIRONAGAINSTPUREIRON

Appearanceof contactarea
afterfretting

Furrowsareplowedinbothsurfacesby largepro-
trudingmetalfragments.Floorsoffurrowsar(
smoothandclean.

3mallerlooseblackmetallicfragmentsarevisibl
inandaroundbroadenedfurrows.

lamageis similar tobutmoreextensivethanthat
obse~edat5 cycles.Floorsoffurrowsare
speckledwithsmallfragments.

accumulationoffragmentsisfoundacrossfurrowE
Contactareaisgenerallyflatterandbroader.

discontinuouscolorlessfilm,observedby vertics
illumination,isfoundin contactarea.Black
debrishasaccumulatedoutsidecontactarea.

3rownfilmisfoundin contactarea.Blackdebri
is occasionallyfoundcompactedtoform
plateaus.

;reateramountsofblackdebris-d occasionally
a trace ofrust-coloreddebris(Fe203)arefoun
outsidecontactarea. Wearareais coveredby
browntoblackfilmwhichv~ies inthickness.

coefficient
of

friction,
u

0.82

0.9
to
0.8

0.8
to
0.7

0.65
to
0.60

0.63

0.64

0.64

.

.
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